Thermococcus paralvinellae sp. nov. and Thermococcus cleftensis sp. nov. of hyperthermophilic heterotrophs from deep-sea hydrothermal vents Two heterotrophic hyperthermophilic strains, ES1 T and CL1 T , were isolated from Paralvinella sp. polychaete worms collected from active hydrothermal vent chimneys in the north-eastern Pacific Ocean. Both were obligately anaerobic and produced H 2 S in the presence of elemental sulfur and H 2 . Complete genome sequences are available for both strains. Phylogenetic analyses based on 16S rRNA gene sequences showed that the strains are more than 97 % similar to most other species of the genus Thermococcus. Therefore, overall genome relatedness index analyses were performed to establish that these strains are novel species. For each analysis, strain ES1 T was determined to be most similar to Thermococcus barophilus MP T , while strain CL1 T was determined to be most similar to Thermococcus sp. 4557. The average nucleotide identity scores for these strains were 84 % for strain ES1 T and 81 % for strain CL1 T , genome-to-genome direct comparison scores were 23 % for strain ES1 T and 47 % for strain CL1 T , and the species identification scores were 89 % for strain ES1 T and 88 % for strain CL1 T . For each analysis, strains ES1 T and CL1 T were below the species delineation cut-off. Therefore, based on their whole genome sequences, strains ES1 T and CL1 T are suggested to represent novel species of the genus Thermococcus for which the names Thermococcus paralvinellae sp. nov. and Thermococcus cleftensis sp. nov. are proposed, respectively. The type strains are ES1 T (5DSM 27261 T 5KACC 17923 T ) and CL1 T (5DSM 27260 T 5KACC 17922 T ).
The genus Thermococcus is composed of hyperthermophilic obligate anaerobes that couple the oxidation of peptides and polysaccharides to the reduction of elemental sulfur (S u ) and protons (Bertoldo & Antranikian, 2006) . In this study, the complete genome sequences of two strains of the genus Thermococcus, strain ES1 T and strain CL1 T (Jung et al., 2012 , were used to establish the novelty of these strains. Both strains were isolated from Paralvinella sp. polychaete worms collected from active hydrothermal vent chimneys on the Juan de Fuca Ridge in the northeastern Pacific Ocean (Pledger & Baross, 1989; Holden et al., 2001) . Notably, in a survey of 20 species of the genera Thermococcus and Pyrococcus, both strains produced noticeable amounts of H 2 even when grown on S u (Oslowski et al., 2011) . In this study, strains ES1 T and CL1 T were adapted for growth without S u at 82 u C through serial transfers on 0.5 % (w/v) maltose and tryptone medium as previously described (Adams et al., 2001) . The concentrations of cells and H 2 were monitored in duplicate at certain time intervals by phase-contrast microscopy (Nikon 55i) and GC (Shimadzu GC-8A). The growth rate of strain ES1 T was the same despite the presence or absence of S u (doubling times of 65 and 72 min, respectively) ( Fig. 1a ) while strain CL1 T grew much slower without S u (doubling time of 190 min) relative to cultures with S u (doubling time of 52 min) ( Fig. 1b ). Both strains grew and produced 3.25-5.05 millimoles of H 2 per litre of medium without S u , and produced ,100 micromoles of H 2 per litre of medium when grown with S u (Fig. 1 ).
Based on previous studies, strain ES1 T grows with S u within the temperature range of 50-91 u C with the optimum temperature being 82 u C (Pledger & Baross, 1989) , and its maximum growth temperature increases 2 u C when grown at 22 MPa (Pledger et al., 1994) . When shifted from growth on 15 g S u l 21 to 1 g S u l 21 , strain ES1 T increases its production of H 2 , formate, ethanol and butanol at the expense of H 2 S and acetate . There were concomitant increases in hydrogenase, formate dehydrogenase and alcohol dehydrogenase specific activities in crude cell extracts . Several enzymes have been characterized from strain ES1 T including aldehyde ferredoxin oxidoreductase , 2-ketoisovalerate ferredoxin oxidoreductase (Heider et al., 1996) and alcohol dehydrogenase Ying et al., 2009) . Additional growth parameters and physiological characteristics of ES1 T have been described by Pledger & Baross (1989) .
Strain CL1 T grows with S u within the temperature range of 55-94 u C with an optimum temperature being 88 u C . Due to its ability to grow on maltose and cellobiose (Oslowski et al., 2011) , our study was focused on the sugar catabolizing enzymes produced by strain CL1 T . It possesses a GH57 type amylase, a glycoside hydrolase that only recognizes maltose, which has dual hydrolysis activity toward a-1,4-and a-1,6-glycosidic linkages and is unique to only some members of the order Thermococcales . A cyclomaltodextrinase also was purified and characterized from this organism (Lee et al., 2013) .
The phylogenetic relatedness of strains ES1 T and CL1 T to other species of the genus Thermococcus was determined using 16S rRNA gene sequences obtained from the Ribosomal Database Project (Wang et al., 2007) and comparing them via megaBLAST (McGinnis & Madden, 2004) . Thermococcus strain ES1 T showed 98.9 % sequence identity with Thermococcus barophilus MP T , 97.9 % identity with Thermococcus kodakarensis KOD1 T and 97.7 % identity with Thermococcus strain AM4. Thermococcus strain CL1 T shows 99.1 % identity with T. kodakarensis KOD1 T and strain AM4, and 98.9 % identity with 'Thermococcus onnurineus' NA1 and Thermococcus strain 4557. To resolve this, we aligned sequences representing all species of the order Thermococcales using the default settings for CLUSTAL W (Larkin et al., 2007) in MEGA5 software (Tamura et al., 2011) . We reconstructed neighbour-joining phylogenetic trees in MEGA5 with the Jukes-Cantor model and bootstrap values obtained from 500 replicate trees (Fig. 2 ). According to this alignment, the closest relatives to strains ES1 T and CL1 T are T. barophilus MP T and Thermococcus sp. 4557, respectively.
Since the 16S rRNA gene sequences of species of the genus Thermococcus generally show more than 97 % identity across the genus (Fig. 2) , the complete genome sequences of strains ES1 T and CL1 T were compared with the complete genome sequences of their closest phylogenetic relatives and all other complete genome sequences of members of the genus Thermococcus using overall genome relatedness index (OGRI) analyses (Chun & Rainey, 2014) . All genome sequences were obtained from the GenBank sequence database. We calculated the BLAST-based average nucleotide identity (ANI) score using the JSpecies program with the default parameters (Goris et al., 2007; Richter & Rosselló -Mó ra, 2009 ). Genome-to-genome direct comparison (GGDC) analyses were performed using all three equations in the GGDC program, version 2.0 (Auch et al., 2010) . Forty marker genes were compared between strains ES1 T and CL1 T and their closest relatives using the species identification (SpecI) program (Mende et al., 2013) . The program BLASTZ (Schwartz et al., 2003) and the synteny mapping and analysis program (SyMAP version 4.0) (Soderlund et al., 2011) were used to compute synteny blocks between strains ES1 T and CL1 T and all other Thermococcus genome sequences to determine which genes are present in ES1 T and CL1 T but missing from their closest relatives.
For each OGRI analysis, strain ES1 T was most closely related to T. barophilus MP T (Table 1) . The ANI score for approach, with all 40 gene homologies below the species cut-off. Therefore, all three OGRI analyses indicated that strain ES1 T represents a novel species.
SyMAP analysis showed that T. barophilus MP T contains 83 % of the ORFs found in strain ES1 T . Among the genes found in strain ES1 T that are absent in T. barophilus MP T are a second membrane hydrogenase operon, two formatehydrogen-lyase operons, 12 glycosylases and genes related to amino acid synthesis and transport. When compared to all genome sequences representing members of the genera Thermococcus and Pyrococcus using BLASTP (Altschul et al., 1990) , strain ES1 T generally possesses more alcohol dehydrogenases (TES1_0121, TES1_0221 and TES1_0987) and acetyl-CoA synthetases (TES1_0746, TES1_1160, TES1_1231 and TES1_1345) than most species of the genus Thermococcus. It also possesses formate-hydrogenlyases (TES1_0099-0103 and TES1_1488-93) that are absent in most species of the genus Thermococcus and Pyrococcus.
For each OGRI analysis, strain CL1 T was most closely related to Thermococcus sp. 4557 ( Analysis using the SyMAP program showed that strain Thermococcus sp. 4557 contains 81 % of the ORFs found in strain CL1 T . The genome sequence of strain CL1 T is distinct from other Thermococcus and Pyrococcus genomes in that it contains five clustered regularly interspaced short palindromic repeats (CRISPR) loci that are similar to, and yet distinct from, the two CRISPR-Cas systems in Thermococcus kodakarensis (Jung et al., 2012; Elmore et al., 2013) . Cells are irregular cocci. Diameter approximately 1-2 mm. Obligate anaerobe. Optimal growth occurs at 88 u C within the range of 55-94 u C. S u is not essential for growth, but significantly stimulates growth. Hydrogen (.2 mM) is produced in the absence of sulfur. Heterotrophic growth occurs on complex proteinaceous substrates (yeast extract, tryptone and casein), maltose, cellobiose and a mixture of 20 amino acids when vitamins are present. Yeast extract (0.01 %, w/v) and vitamins are required for growth.
Description of
The type strain CL1 T (5DSM 27260 T 5KACC 17922 T ) was isolated from a polychaete worm of the genus Paralvinella residing in a fragment of black smoker located at the depth of 2350 m on the Cleft segment of the Juan de Fuca Ridge (44 u 309 00N 130 u 309 00W). The G+C content of the type strain is 55.8 mol% based on total genome calculations.
